Background and Aims The patterns of evolutionary assembly in the Sino-Japanese floristic region (SJFR) remain largely unknown due to a lack of integrative multidimensional studies throughout the region. To address this issue, we elucidated the evolutionary history of Cardiocrinum (Liliaceae), a genus containing four taxa distributed across the SJFR.
INTRODUCTION
The 'Sino-Japanese Floristic Region' (SJFR) as defined by Wu and Wu (1996) extends from the Eastern Himalayas (i.e. along the southern declivities of the Qinghai-Tibet Plateau), through Southwest China and subtropical (Central/East/South) China, to North China, the Korean Peninsula and the Japanese Archipelago (Fig. S1a , Qiu et al., 2011) . The SJFR harbours approx. 3000 vascular plant genera over the extremely heterogeneous topography, providing an outstanding system for exploring the evolutionary history of diverse species (Axelrod et al., 1996; Wu and Wu, 1996; Qian and Ricklefs, 2000; Qiu et al., 2011) . Recently, numerous floristic studies (e.g. Wang, 1992; Liang, 1995; Wu and Wu, 1996; Sun, 2002a, b; Manchester et al., 2009 ) and phylogenetic and biogeographical surveys (Qiu et al., 2011; C. B. Wang et al., 2014; Y. Wang et al., 2015) have been informative in revealing the evolutionary assembly in the SJFR. From these and similar studies, considerable progress has been made in revealing the patterns of biogeographical processes and the driving mechanisms of species divergence in the region. In particular, patterns of plant dispersal/migration have emerged, such as north-to-south migration to the Himalaya-Hengduan Mountains for some ArctoTertiary floristic elements (H. Sun, 2002a, b ; Y. X. Sun et al., 2014) , migration from Southwest China to other regions along mountain corridors for numerous groups containing taxa distributed across East Asia (Wang, 1992) , migration from South China to Southeast Asia for some genera distributed in the subtropics and tropics Wen, 2013, 2014) , and migration between East China and Japan via the exposed East China Sea land bridge for some herbs, shrubs and trees with disjunct distributions in these areas (Qiu et al., 2009a (Qiu et al., , b, c, 2011 Sakaguchi et al., 2012) . The driving mechanisms of species divergence in the SJFR have been widely discussed. In the west of the region, the uplift events of the Himalayas and Hengduan Mountains during the last few million years are reported to have caused drastic habitat fragmentation and heterogeneity which played important roles in promoting inter-and intraspecific divergences Wang et al., 2014) . In the east of the region, fluctuations in sea level of the East China Sea have also been shown to have provided abundant opportunities for population fragmentation and allopatric speciation to occur (Qian and Ricklefs, 2000; Harrison et al., 2001; Qiu et al., 2009a Qiu et al., , b, c, 2011 . Additionally, it is well known that climate change plays a critical role in shaping the distribution of plants (Harrison et al., 2001; Qiu et al., 2011) . The range dynamics in response to past climate change have been assessed based on ecological niche modelling (ENM) for a limited number of plants in the SJFR, such as Cercidiphyllum (Qi et al., 2012) , Kalopanax septemlobus (Sakaguchi et al., 2012) and Tetrastigma hemsleyanum (Wang et al., 2015) .
However, most of those studies that have made important contributions to our biogeographical knowledge have focused on a single region, such as the Hengduan Mountains (e.g. Sun, 2002a, b; Zhou et al., 2013) , subtropical China (e.g. Wang et al., 2014; Wang et al., 2015) , and East China-Japan-Korea (e.g. Qiu et al., 2009a, b, c; Qi et al., 2012; Sakaguchi et al., 2012) , while few have been conducted throughout the SJFR. Besides, it also needs to be emphasized that numerous phylogeographical studies within the SJFR have focused on individual species, while a limited number have been conducted on multiple pairs of sister species or groups of closely related taxa (Qiu et al., 2011) . Previous biogeographical processes have been widely discussed as described above, while future trajectories of plants in the SJFR under climate change are poorly understood. Hence, the patterns of evolutionary assembly in the SJFR through time remain largely unknown due to a lack of integrative multidimensional studies of morphology, phylogeny, biogeography and ecology with adequate sampling of multispecies or groups of closely related taxa distributed across the region.
Here, we focus on Cardiocrinum (Endlicher) Lindley (Liliaceae), a genus containing bulbous perennial herbs endemic to East Asia with a typical distribution from the Himalayas to Japan and adjacent regions (across the SJFR, Supplementary Data Fig. S1a ). Cardiocrinum was first described by (Lindley, 1846) . Three species and one variety are known in the genus, i.e. Cardiocrinum cathayanum (E.H. Wilson) Stearn, C. cordatum (Thunb.) Makino, C. giganteum (Wallich) Makino and C. giganteum var. yunnanense (Leichtlin ex Elwes) Stearn (Liang, 1995; Liang and Tamura, 2000; WCSP, 2014) . Among the four taxa, C. giganteum is mainly found in the Himalayas, ranging from north-eastern India, Nepal and Bhutan to north-eastern Myanmar and south-eastern Tibet Plateau of China. Cardiocrinum giganteum var. yunnanense is distributed widely in most of the southern areas of the Qinling Mountains in China. Cardiocrinum cathayanum extends from Central to East China, and C. cordatum is restricted to the Japanese archipelago, southern Kuriles and Sakhalin (Wang, 1992; Liang, 1995; Liang and Tamura, 2000; Kawano et al., 2004; Ohara et al., 2006) . These perennial herbs are found almost exclusively in temperate forests of mountainous areas (Fig. S1b) . This geographical distribution pattern makes Cardiocrinum a good candidate to explore the evolutionary history of endemic genera distributed across the SJFR.
Within Liliaceae, Cardiocrinum is closely related to Lilium and is generally called by the common name, giant lily. However, it differs from Lilium in some characteristics, such as the long petiole, bulbs formed by the swollen base of usually deciduous basal leaves, and the reticulate veined and heartshaped leaves (Liang, 1995) . Within Cardiocrinum, C. giganteum and C. giganteum var. yunnanense can grow up to 3Á5 m high and have 10-20 or more flowers with usually caducous bracts, while C. cathayanum and C. cordatum are slightly shorter and fewer flowered with persistent bracts (Supplementary Data Table S1 ). In describing the phylogenetic relationships among the four taxa, two hypotheses were proposed based on previous floristic studies. Wang (1992) speculated that C. giganteum might have originated from C. cathayanum because the caducous bracts of the former were considered to be more derived. According to Liang (1995) , the phylogenetic phenomenon of geographical displacement was found among the four taxa in a west-to-east direction (from the Himalayas to Japan and adjacent areas). That is, C. giganteum (in the Himalayas) was assumed to be the ancestral species, and C. giganteum var. yunnanense (from Southwest to Central China) probably originated from biological populations of C. giganteum that became isolated to some extent. By analogy, C. cathayanum (from Central to East China) potentially originated from vicariant populations of C. giganteum var. yunnanense, and C. cordatum (restricted to the Japanese archipelago and adjacent islands) from C. cathayanum. However, these hypotheses have not been tested by molecular studies.
In this study, based on six chloroplast DNA fragments and data from three low copy nuclear genes (LCNGs), as well as ENM, we aimed to address the following questions. (1) What are the phylogenetic relationships within Cardiocrinum based on molecular data? (2) What are the origin and diversification patterns of endemic genera such as Cardiocrinum distributed across the SJFR, and what are the underlying driving forces? (3) How do these species respond to climate change in the past and in the future?
MATERIALS AND METHODS

Plant material
We sampled 54 populations (4-10 individuals from each population) throughout the geographical range of Cardiocrinum, which encompassed nine populations of C. giganteum in the Himalayas, 28 populations of C. giganteum var. yunnanense in Southwest, Central and East China, 12 populations of C. cathayanum in Central and East China, and five populations of C. cordatum in Japan. All samples were collected in the field from 2012 to 2014. The voucher specimens were deposited in the Herbarium of Sichuan University. Fresh leaves of representative individuals were collected from each population and dried in silica gel. Lilium duchartrei, Fritillaria cirrhosa and Notholirion bulbuliferum were selected from the tribe Lilieae (Tamura, 1998) as outgroups in the phylogeographical and phylogenetic analyses based on previous studies (Hayashi and Kawano, 2000; Patterson and Givnish, 2002) . Detailed information for populations and specimens sampled in this study is listed in Table 1 .
DNA extraction, PCR amplification and sequencing
Genomic DNA was extracted following a modified cetyltrimethyl ammonium (CTAB) protocol (Doyle and Doyle, 1987) . For chloroplast DNA (cpDNA), four intergenic spacer regions (atpI-atpH, trnT-trnL, atpB-rbcL and rpl32-trnL) and the ndhA intron screened from Shaw et al. (2005 Shaw et al. ( , 2007 were consistently amplified and they all contained variable sites for Cardiocrinum samples. We also amplified the matK region. For nuclear DNA, in exploratory analyses we found that the internal transcribed spacer (ITS) regions in Cardiocrinum are composed of multiple copies. By cloning 40 individuals from the four taxa of Cardiocrinum, a high degree of intra-individual polymorphism was detected among the cloned ITS sequences. Therefore, we cannot necessarily rely on these divergent ITS copies to predict the phylogenetic implications of Cardiocrinum. To better resolve the phylogenetic relationships within Cardiocrinum, three LCNGs that are universally amplifiable markers for phylogenetic reconstructions of closely related plant species (Douglas et al., 2011; Day et al., 2014) , AP (alkaline phytase gene), AT103 (putative magnesium-protoporphyrin monomethyl ester cyclase, exon 3) and XDH (xanthine dehydrogenase gene), were amplified for all samples. Primer sequences and amplification conditions are listed in Table S2 . Sequencing was performed by using an ABI 377XL DNA sequencer. All sequences were newly identified in the present study and were deposited in GenBank. The accession numbers are KT748904-KT749415.
As the cpDNA behaves as a single non-recombining locus, sequences of the six chloroplast datasets were concatenated into a single matrix as the cpDNA dataset. For the three LCNGs, congruencies among them were assessed using the incongruence length difference (ILD) test (Farris et al., 1994) implemented in PAUP* (version 4.0b10; Swofford, 2002) . These tests were conducted with 1000 replicates of heuristic searches using tree bisection reconnection branch-swapping with ten random sequence additions. No significant incongruence was found (P > 0Á1). Besides, the exploratory phylogenetic analyses of nuclear data were conducted separately with each dataset (the individual dataset of AP, AT103 and XDH, and the concatenated matrix of the three datasets). Results from the individual dataset analyses did not show any topological conflict, and the concatenated matrix provided higher resolution. Thus, the three nuclear datasets were concatenated into a single matrix as the LCNG dataset for downstream analyses.
Phylogeographical analyses
To assess degrees and patterns of diversity in the cpDNA and LCNG data matrices of Cardiocrinum, we calculated the number of haplotypes, haplotype diversity (h) and nucleotide diversity (p) at genus and species levels using DnaSP (version 5.0; Librado and Rozas, 2009) . To test whether the current expansion had occurred in different population groups of Cardiocrinum, we calculated the frequency distribution of pairwise nucleotide differences among the four taxa. A maximum parsimony median-joining network among the haplotypes of Cardiocrinum was obtained by using NETWORK (version 4.5; Polzin and Daneshmand, 2003) . The U-statistics implemented in HAPLONST (Pons and Petit, 1996) were used to test the difference between G ST and N ST for the presence of phylogeographical structure at genus and species levels. To quantify the genetic differentiation partitioned among different groups and total genetic variance, analyses of molecular variance (AMOVA; Excoffier et al., 1992) were performed with ARLEQUIN (version 3.5; Excoffier and Lischer, 2010) , and the significance of variance components was tested with 10000 permutations.
Phylogenetic analyses
Congruence between the cpDNA and LCNG data matrices was also assessed using the ILD test. Although incongruence was found (P ¼ 0Á01), the chloroplast and nuclear topologies did not show hard incongruence. Thus, we combined the cpDNA and LCNG data matrices for phylogenetic and subsequent analyses. A total of 38 concatenated haplotypes (H1-H38) combined with 18 chloroplast haplotypes (C1-C18) and 29 nuclear haplotypes (N1-N29) were used for phylogenetic analyses using Bayesian inference (BI), maximum likelihood (ML) and maximum parsimony (MP). The BI analyses were performed in MrBayes (version 3.1.2; Ronquist and Huelsenbeck, 2003) . MrModeltest version 2.2 (Nylander, 2004) was used to select a best-fit model of nucleotide substitution, and the GTRþG model under the Akaike information criterion (AIC) was selected. Two independent runs were carried out with the Bayesian Markov chain Monte Carlo (MCMC) method for 50 million generations, starting from a random tree and sampling trees every 1000 generations. The first 25 % of generations were discarded as burn-in. A 50 % majority-rule consensus tree was constructed from the remaining trees to estimate posterior probability (PP) values. The ML analysis was conducted using RAxML (version 7. 2.8; Stamatakis et al., 2008) at the CIPRES Science Gateway (Miller et al., 2010) . Node support was assessed using 1000 'fast bootstrap' replicates. The MP analyses were performed in PAUP* using full heuristic tree searches with 1000 replications of random sequence entries and TBR branch-swapping. Branch support was assessed by bootstrap analysis with 1000 000 replicates.
Divergence time estimation and ancestral area reconstruction
We estimated divergence time of the 38 concatenated haplotypes (H1-H38) of Cardiocrinum under a Bayesian approach as implemented in BEAST (version 1.7.5; Drummond and Rambaut, 2007) . To calibrate the root nodes of Cardiocrinum phylogeny, we used the mean crown group ages for Lilieae and Cardiocrinum (normal prior distribution, standard deviation 1, mean 28Á1 and 6Á0 Mya, respectively) approximated from a Liliales-wide phylogeny (Givnish et al., 2016) . Bayesian searches for tree topologies and node ages of the chloroplast data were conducted in BEAST using a GTRþG substitution model selected by jModelTest (Posada, 2008) and an uncorrelated lognormal relaxed clock (Drummond et al., 2002) . A Yule process was specified as the tree prior. MCMC runs extended for 50 million generations, with parameters sampled every 1000 generations, following a burn-in of the initial 20 % of cycles. The program Tracer 1.6 (http://tree.bio.ed.ac.uk/soft ware/tracer) was used to confirm effective sample size and check convergence of the chains to a stationary distribution. Three replicate runs were conducted to confirm convergence. Finally, a maximum clade credibility (MCC) tree with ages for each node and their 95 % credible intervals was displayed in Fig Tree 1 .2.3 (http://tree.bio.ed.ac.uk/software/figtree).
To reconstruct the geographical diversification of Cardiocrinum, we performed DEC, DIVA and BayArea analyses with and without the J-parameter implemented in BioGeoBEARS (Matzke, 2013a (Matzke, , b, 2014 using the final MCC tree derived from the BEAST analysis mentioned above. We used AIC to select the best-fit biogeographical model. Outgroups were removed in the ancestral area analyses to reduce limitations posed by the regions of deep groups. We defined the following six regions within the SJFR according to the physical geographical regionalization (Buerki et al., 2011; Wang et al., 2014) : A, Himalayas (north-eastern India, Nepal, Bhutan, south-eastern Tibet plateau and the northern Gaoligong mountains); B, Southwest China (the Yungui Plateau, Sichuan Basin and southern areas of Gansu and Shaanxi); C, Central China (the southern areas of the Qinling Mountains and Huai River, and the northern regions of the Nanling Mountains); D, South China (southern areas of the Nanling Mountains); E, East China; and F, Japanese archipelago and southern Kuriles and Sakhalin.
Ecological niche modelling
ENM was used to examine the niche differences and potential range shifts of the four taxa of Cardiocrinum in response to climatic oscillations. Localities of the four taxa were obtained from field observation by the authors and the workers of nature reserves and from herbarium records in online repositories (e.g. Chinese Virtual Herbarium, National Specimen Information Infrastructure, and Global Biodiversity Information Facility). After confirming the highly specific locality information of records and collections, we used 222 spatially unique localities (C. giganteum¼49; C. giganteum var. yunnanense¼83; C. cathayanum¼29; C. cordatum¼61, see Table S3 ) for analyses. We used MAXENT, version 3.3.3e (Phillips and Dud ık, 2008) , to model the ecological niches of the four taxa. Environmental layers of 19 bioclimatic variables (see Table S6 ) for the Last Glacial Maximum (LGM, around 18000 years ago), the current time and the near future (year 2070) were downloaded from the WorldClim dataset at a spatial resolution of 2Á5 arc-minutes and employed for the modelling (Hijmans et al., 2005) . Pairwise correlations were examined among the 19 variables within each taxon distribution and also across the four taxa. The eight variables (mean diurnal range, isothermality, mean temperature of wettest quarter, mean temperature of driest quarter, precipitation of driest month, precipitation seasonality, precipitation of warmest quarter and precipitation of coldest quarter) with pairwise Pearson correlation coefficients below 0Á7 were used to reconstruct the taxa distributions. We set up parameters for a Maxent model according to a MaxEnt Model v3.3.3e Tutorial (Young et al., 2011) . The accuracy of each model prediction for each taxon was quantified by calculating the area under the 'receiver operating characteristic (ROC) curve' (AUC) (Peterson et al., 2008; Elith and Leathwick, 2009) . AUC values above 0Á7 are considered to indicate good model performance (Fielding and Bell, 1997) . DIVA-GIS version 7.5 (Hijmans et al., 2001 ) was used to draw the range of suitable distributions. To examine niche differences, we first calculated the niche overlap statistic Schoener's D (Schoener, 1968) and a standardized Hellinger distance (calculated as I; Warren et al., 2008) using ENMtools version 1.3 (Warren et al., 2010) . Both D and I values range from 0 (no niche overlap) to 1 (identical niches). Then, the 'background similarity test' was used to determine whether the ENMs of the three groups composed of pair taxa distributed adjacently (C. giganteum vs. C. giganteum var. yunnanense, C. giganteum var. yunnanense vs. C. cathayanum, and C. cathayanum vs. C. cordatum) were similar or not (Warren et al., 2008) . The test was run 100 times using ENMTools and the observed niche overlaps between the ENMs of the three groups were compared to the distribution of overlap values from the runs in each direction to determine whether niches occupied by different groups were significantly different (Warren et al., 2008 (Warren et al., , 2010 McCormack et al., 2010) .
RESULTS
Variation in the cpDNA and LCNG sequences within Cardiocrinum Among the six cpDNA regions sequenced for the 54 populations of Cardiocrinum, the region rpl32-trnL was the most variable with 11 polymorphisms detected in 785 aligned positions (1Á41 %), followed by ndhA intron (15/1264; 1Á18 %), matK (12/1293; 0Á928 %), trnT-trnL (6/686; 0Á875 %), atpB-rbcL (2/ 607; 0Á329 %) and atpI-atpH (2/721; 0Á277 %). The combined sequences were aligned with a consensus length of 5356bp. Indels were mainly from the mononucleotide repeats (poly A or T stretches in rpl32-trnL and trnT-trnL regions) which were excluded in analysis given their proneness to homoplasy. Thus, a total of 5317 sites excluding sites with gaps/missing data were found in the cpDNA dataset, 5269 sites of which were invariable and only 48 of which were parsimony-informative (Table S4 ). Of the total cpDNA variation, 92Á7 % was distributed among the four taxa, 7Á04 % among populations within taxa and 0Á26 % within populations.
For the LCNGs, the AT103 region was the most variable with 19 polymorphisms detected in 388 aligned positions (4Á89 %), followed by AP (22/531; 4Á14 %) and XDH (18/617; 2Á92 %). When combined, the total alignment of the three regions was 1536bp. In detail, a total of 1511 sites excluding sites with gaps/missing data were found, 1452 sites of which were invariable and 59 of which were variable. In the 59 polymorphims, 21 were singleton-variable and 38 were parsimonyinformative (Table S4 ). Of the total LCNG variation, 84Á13 % was distributed among the four taxa, and 15Á87 % among populations within taxa. Sequence conservation was 98Á37 and 94Á53 % for the cpDNA dataset and the LCNG matrix, respectively, suggesting a high degree of genetic similarity in Cardiocrinum.
Phylogeographical surveys
The polymorphisms from the total alignment of cpDNA identified 18 chloroplast haplotypes (Table 1) , eight of which were specific to C. cathayanum (C1-C8), two to C. cordatum (C9 and C10), three to C. giganteum (C11-C13) and five to C. giganteum var. yunnanense (C14-C18). The geographical distribution of the cpDNA haplotypes is shown in Fig. 1A . At the genus-wide scale, cpDNA haplotype diversity (h T ¼ 0Á792) and nucleotide diversity (p T ¼ 0Á00229) were detected. At the taxon level, the degrees of cpDNA haplotype diversity (h) and nucleotide diversity (p) were unequal (C. cathayanum, Table S5 ). The rooted network (Fig. 1B) showed that the cpDNA haplotypes of C. giganteum and C. giganteum var. yunnanense grouped into two distinct clades. There were no significant cpDNA phylogeographical structures at the genus level (N ST ¼ 0Á998 and G ST ¼ 0Á985) or the taxon level (N ST and G ST values of each taxon much closer to 1Á00). The resultant mismatch distribution consisted of multiple multimodal curves in population groups of C. cathayanum, C. giganteum and C. giganteum var. yunnanense, implying that recent population expansions for the three taxa were unlikely (Fig. S2a, c, d ). However, the unimodal mismatch distribution for C. cordatum fitted the expected expansion distribution (Fig. S2b) . For the LCNG data matrix, 29 haplotypes were identified (Table 1) , 11 of which were specific to C. cathayanum (N1-N11), two to C. cordatum (N12 and N13), six to C. giganteum (N14-N19) and 11 to C. giganteum var. yunnanense (N15 and N20-N29). Haplotype N15 was shared by four populations of C. giganteum and 15 populations of C. giganteum var. yunnanense. Tne geographical distribution of the LCNG haplotypes is shown in Fig. 2A . At the genus-wide scale, the LCNG data revealed high estimates of haplotype diversity (h T ¼ 0Á882) and nucleotide diversity (p T ¼ 0Á0074). At the taxon level, degrees of LCNG haplotype diversity (h) and nucleotide diversity (p) were unequal (C. cathayanum, h ¼ 0Á974, p ¼ 0Á0035; Table S5 ). The rooted network (Fig. 2B) showed that many nuclear haplotypes of C. giganteum and C. giganteum var. yunnanense differed from the most common haplotype N15 by only a single mutational step. The LCNG data also revealed no significant phylogeographical structures across the genus (N ST ¼ 0Á977 and G ST ¼ 0Á979) or within each taxon (all values of N ST and G ST much closer to 1Á00).
Phylogenetic analyses
Trees estimated from the concatenated data matrix (cpDNA þ LCNG) under BI, MP and ML showed no significant difference in their topologies, and therefore only the BI tree with PP and bootstrap support values (BS) from MP and ML is shown in Fig. 3 . The tree resolved the monophyletic genus Cardiocrinum into four major clades, consistent with morphological delimitation of recognized taxa. Clade I included all haplotypes of C. cathayanum (PP ¼ 1Á00 and MP/ML BS ¼ 82/97 %), clade II contained C. cordatum (PP ¼ 1Á00 and MP/ML BS ¼ 88/97 %), clade III comprised C. giganteum (PP ¼ 1Á00 and MP/ML BS ¼ 86/85 %) and clade IV included C. giganteum var. yunnanense (PP ¼ 1Á00 and MP/ML BS ¼ 99/100 %). Among these clades, C. cathayanum and C. cordatum shared a common ancestry with strong support (PP ¼ 1Á00 and MP/ML BS ¼ 98/95 %), as did C. giganteum and C. giganteum var. yunnanense (PP ¼ 1Á00 and MP/ML BS ¼ 100/100 %).
Divergence times and historical biogeography
The BEAST-derived chronogram of Cardiocrinum (Fig. S3 ) based on the concatenated data matrix (cpDNA þ LCNG) recovered the crown age of the genus as approx. 7Á32 Mya [95 % highest posterior density (HPD), 5Á70-8Á95 Mya].
Cardiocrinum cathayanum and C. cordatum possibly split during the early Pliocene (approx. 4Á97 Mya; 95 % HPD, 3Á13-7Á03 Mya ). The crown age of their haplotypes was dated to be approx. 4Á18 Mya (95 % HPD, 2Á47-6Á09 Mya) and 1Á92 Mya (95 % HPD, 0Á61-4Á37 Mya), respectively. Cardiocrinum giganteum and C. giganteum var. yunnanense probably diverged during the middle Pliocene (approx. 4Á11 Mya; 95 % HPD, 2Á34-6Á09 Mya) and the crown age of their haplotypes was estimated to be approx. 2Á37 Mya (95 % HPD, 0Á96-4Á19 Mya) and 2Á51 Mya (95 % HPD, 1Á23-4Á28 Mya), respectively.
Biogeographical model selection from BioGeoBears using the BEAST MCC tree chose BayAreaþJ as the most credible model, with 59 % of the relative weight. The biogeographical reconstruction is shown in Fig. 4 . The results suggested that Central China (node 1) was the most likely ancestral range of Cardiocrinum. The early divergence event resulted in the split of the two main lineages, i.e. the C. cathayanum lineage (node 2) and the C. giganteum lineage (node 13). Most populations of the C. cathayanum lineage settled in the ancestral area, while a few dispersed eastward to East China (nodes 8 and 10) and Japan (node 11). The ancestor of the C. giganteum lineage dispersed from Central China westward to the Himalayas (node 12) and Southwest China (e.g. node 16 and 22). The descendant populations in Southwest China further dispersed to Central, East and South China (node 18).
Ecological niche modelling
We modelled the distributions of four taxa of Cardiocrinum. All models had high predictive ability, indicating that the relationship was not random (AUC > 0Á98; standard deviation < 0Á01). The predicted distributions of C. cordatum, C. giganteum and C. giganteum var. yunnanense were mostly congruent with the current/known distributions of the three taxa. However, the predicted distribution of C. cathayanum included not only the current distribution but also Japan and adjacent area. The environmental variables that contributed most to the model predictions, measured as the percentage of the total model gains contributed by a given variable, were different by taxon (Table S6) . During the LGM, when the temperature dropped greatly, the predicted suitable habitats of C. cathayanum, C. giganteum and C. giganteum var. yunnanense were broader than that observed at present (Fig. 5A) , suggesting their range constriction since then. However, the predicted climatically suitable habitats of C. cordatum at the LGM was smaller than that at the present (Fig. 5A) , suggesting rapid expansion of the species since then. The predicted suitable habitat of Cardiocrinum at 2070 is slightly smaller than that observed at present (Fig. 5A) . Based on background tests, all of the observed niche overlap values measured by I and D were significantly lower (P < 0Á001) than the predicted scores under the null hypothesis (Fig. 5B) , indicating that the niches of the four taxa differed significantly.
DISCUSSION
Phylogenetic relationships within Cardiocrinum
The phylogeny (Fig. 3) based on the concatenated data matrix (cpDNA þ LCNG) revealed that C. cathayanum and C. Table 1 giganteum originated from a common ancestor, rather than any of the hypothesized patterns proposed by Wang (1992) and Liang (1995) . In addition, during our field studies, we found that C. giganteum var. yunnanense is not only restricted to Southwest and Central China, but also extends to the eastern edge of mainland China (Fujian and Zhejiang provinces, Fig. S1a ), which is beyond the previous estimation of its geographical range (Liang, 1995) . We also found that some Table 1 ). Photographs to the right show the inflorescences of C. cathayanum (ca), C. cordatum (co), C. giganteum (cg) and C. giganteum var. yunnanense (cy).
populations of C. giganteum in Yunnan Province have persistent bracts (Fig. 3) , indicating that persistent bracts could not be the species delimitation basis in Cardiocrinum. Unexpectedly, the phylogenetic relationship between C. giganteum and C. giganteum var. yunnanense is complicated. Based on our observations in the field, the two taxa are geographically and morphologically differentiated. Cardiocrinum giganteum occurs in the highlands of the Himalayas while C. giganteum var. yunnanense is distributed in the lowlands from Southwestern to Eastern China. The abaxial tepals of C. giganteum are greenish while those of C. giganteum var. yunnanense are white (Fig. 3 and Table S1 ). Besides, background ENM tests indicated that the niches of the two taxa differed significantly (Fig. 5B) . Moreover, the cpDNA of the two taxa have accumulated independent mutations resulting in two distinct clades (Fig. 1B) . In addition, the species tree from Table 1 ). The areas (A-F) are defined according to the physical geographical regionalization of China and neighbouring regions. The yellow hexagram indicates the putative ancestral area of Cardiocrinum.
multiple genes using BI in BEAST/*BEAST showed that C. giganteum var. yunnanense is a distinct species with high support (PP ¼ 0Á98) (data not shown). However, based on the LCNG data, some populations of C. giganteum and C. giganteum var. yunnanense shared a nuclear haplotype (N15, Fig. 2 ), which might have resulted from incomplete lineage sorting of haplotypes present in their common ancestor (McGuire et al., 2007) . This scenario of ancestral polymorphism retained in LCNGs seems probable given that the populations that carry identical nuclear haplotypes (N15, Fig. 2 ) are randomly distributed throughout the ranges. Besides, other nuclear haplotypes of the two taxa are not very divergent from the most common haplotype N15 (many haplotypes differed from N15 by only a single mutational step, Fig. 2B ). Thus, based on the morphological, ecological and molecular evidence, C. giganteum var. yunnanense seems to merit species status.
Dispersal, vicariance events and species divergence
Our results showed that the ancestor of Cardiocrinum originated in the early Miocene (approx. 17Á75 Mya) but did not diversify until the late Miocene (approx. 7Á32 Mya) (Fig. 4 and Fig. S3 ). The most likely ancestral area was Central China (Fig.  4, node 1) . Central China has been considered not only an important centre of distribution for numerous endemic genera of seed plants (Ying, 1996) , but also a crucial centre of origin for many other species, such as Cephalotaxus oliveri (Wang et al., 2014) . During the late Miocene, the extensive uplifts of the Himalayas, Qinghai-Tibetan Plateau and Yungui Plateau led to dramatic climatic oscillations and geographical isolation throughout East Asia (Guo et al., 2008) . The East Asian monsoon became prevalent , and the arid zones in East and Central China retreated (Sun, 2002b) . The impact of such climatic oscillations and divergences in triggering and facilitating diversification has been confirmed in various plant species (Qiu et al., 2011; Zhou et al., 2013; Wen et al., 2014) . Besides, crustal deformation probably induced the formation of massive mountains, basins and river valleys, providing an extremely complex topography with diverse habitats. Under these favourable conditions, the ancestor of Cardiocrinum began to diversify to adapt the new habitats in Central China. This early diversification event resulted in the split of the two main lineages within Cardiocrinum, i.e. the C. giganteum lineage and the C. cathayanum lineage.
The biogeographical reconstruction suggested that the ancestor of the C. giganteum lineage dispersed westward to the Himalayas and Southwest China. The split between C. giganteum and C. giganteum var. yunnanense was estimated to be approx. 4Á11 Mya (Fig. 4 and Fig. S3 ). This timing is consistent with the orogeny of the Hengduan Mountains during the early to middle Pliocene (Chen, 1992 (Chen, , 1996 Gao et al., 2013) , suggesting that mountain uplift might have provided physical barriers that caused geographical isolation for the populations of the widespread ancestral stock and facilitated allopatric divergence between C. giganteum and C. giganteum var. yunnanense. The ancestral state reconstruction suggested that most populations of the C. cathayanum lineage settled in the ancestral area (Central China, node 3 in Fig. 4) , while a few dispersed eastward to the Japanese Archipelago (node 11 in Fig. 4 ). Since the Early Miocene, frequent transgressions and regressions of the East China Sea alternately separated and joined East China and South Japan (Haq et al., 1987; Kimura, 2000) , enabling alternate conditions for population fragmentation and admixture of temperate biota in this East China-Japan region (Qiu et al., 2011) . The C. cathayanum lineage probably migrated into south Japan during the Pliocene (approx. 4Á97 Mya), a period corresponding to the orogenesis of the Japanese Archipelago and regression of the East China Sea, with the main islands of south Japan constituting the eastern margin of the Asian continent (Iijima and Tada, 1990; Kameda and Kato, 2011) . Thereafter, expansion of the East China Sea promoted range fragmentation, vicariance and isolation for the populations in Japan, which provided opportunities for allopatric (incipient) speciation of C. cordatum to occur through the action of selection and/or genetic drift. The populations that settled in mainland China evolved to be C. cathayanum. With ongoing orogenesis of the Japanese Archipelago and expansion of the East China Sea, the niche differentiation between C. cathayanum and C. cordatum are distinct due to the unique climate on islands.
Response to climatic change and implications for conservation
The four taxa of Cardiocrinum are restricted to temperate forest habitats (Fig. S1b) . However, the climatic changes of the Quaternary have caused repeated shifts in the distribution of forests and understorey species throughout East Asia (Liu, 1988; Yu et al., 2000; Qiu et al., 2011) . With the increasing temperature since the LGM, the predicted suitable habitats of C. cathayanum, C. giganteum and C. giganteum var. yunnanense became smaller and more fragmented (Fig. 5A) . Most populations are today restricted to mountains such as the Qinling, Nanling and Tianmu mountains, which were putative refugia (Qiu et al., 2011) . No expansion was detected in the three taxa in the cpDNA phylogeography (Fig. S2a, c, d ). Although expansion of C. cordatum was supported by a unimodal mismatch distribution (Fig. S2b) and the predicted distributional range (Fig. 5A) , this species has a narrow geographical range within the islands of Japan and adjacent areas. Fragmentation and isolation may result in decreases in population sizes and genetic diversity (Honnay and Jacquemyn, 2007) . In addition, the predicted suitable habitat of Cardiocrinum at 2070 is slightly smaller than that observed at present (Fig. 5A ). Overall, with these trends, the distribution of Cardiocrinum can be expected to be narrower in the future.
Generally, conservation action has greatly benefited rare or endangered plant species, and abundant studies continue to pay attention to these high-profile species (Douglas et al., 2011; Tomasello et al., 2015) . However, little attention has been given to some common and widespread plant species that have a narrow habitat tolerance. Cardiocrinum belongs to this category. To date, the four taxa in Cardiocrinum have not been assessed for the IUCN Red List (The IUCN Red List of Threatened Species. Version 2015. 2. www.iucnredlist.org). Only C. giganteum var. yunnanense, the most widely distributed taxon in Cardiocrinum, is listed as Near Threatened on the China biodiversity red list (www.mep.gov.cn). Despite its wide geographical range, Cardiocrinum needs urgent conservation planning for several reasons. First, the predicted suitable habitats of Cardiocrinum have become smaller and more fragmented in response to climatic warming since the LGM. Second, based on our field survey, many populations are restricted to nature reserves or national forest parks due to overexploitation for medicinal and horticultural purposes. Finally, the survival rate of Cardiocrinum seedings is low and the vegetative propagation by forming bulblets at the base of the mother bulbs is important for Cardiocrinum (Sakai et al., 1997; Ohara et al., 2006) . However, individuals formed asexually in a local population tend to be genetically identical, which is confirmed by the low level of variation in chloroplast and nuclear DNA sequences (Table S4 ). The low genetic diversity in Cardiocrinum might result in slowly evolving new adaptations to climate change.
In conclusion, this study has used Cardiocrinum as a model for exploring the evolutionary history of endemic genera distributed across the SJFR, based on integrative multidimensional analyses. The phylogeny from the cpDNA and LCNG data supported that C. cathayanum and C. giganteum originated from a common ancestor, rather than supporting the previous hypothesized patterns proposed by Wang (1992) and Liang (1995) . Initial differentiation within Cardiocrinum was potentially triggered by the East Asia monsoon becoming prevalent, the arid zones retreating and the complex topography that formed in Central China during the late Miocene. The ancestor of the C. giganteum lineage dispersed westward and the orogeny of the Hengduan Mountains during the middle Pliocene might have caused geographical isolation among populations, which facilitated allopatric divergence between C. giganteum and C. giganteum var. yunnanense. The ancestor of the C. cathayanum lineage dispersed eastward and sea-level fluctuations during the Pliocene provided opportunities for the speciation of C. cordatum. The present study therefore provides evidence of a biogeographical pattern of dispersal from Central China to both sides (the Himalayas in the west and Japan in the east) for genera distributed across the SJFR, and highlights the role of historical changes in climate, topography and sea level in promoting species divergence. In addition, this system provides an example of conservation planning needed for widespread taxa with narrow habitat tolerance and a high degree of genetic similarity. Our study also shows that integrated multidimensional analyses of morphology, phylogeny, biogeography (especially phylogeography) and ecology focusing on groups of closely related taxa can provide insight into the evolutionary web of biogeographical and speciation processes in biodiversity hotspots (Qiu et al., 2011; Wen et al., 2014) .
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxfordjour nals.org and consist of the following. Figure S1 : (a) the geographical distribution of Cardiocrinum and sample locations. (b) the habitats of Cardiocrinum. Figure S2 : mismatch distribution of the four taxa of Cardiocrinum based on the cpDNA and LCNG data. Figure S3 : BEAST-derived chronograms of Cardiocrinum based on the concatenated data matrix. Table S1 : the morphological characteristics separating the four taxa of Cardiocrinum. Table S2 : primer sequences and amplification conditions for target regions. Table S3 : localities of the four taxa of Cardiocrinum used for ecological niche modelling. Table S4 : polymorphic sites of chloroplast haplotypes (H) and nuclear haplotypes (N) of the four taxa of Cardiocrinum. Table  S5 : haplotype diversity (h), nucleotide diversity (p), Fu and Li's D*, Fu and Li's F* and Tajima's D of haplotypes estimated based on the cpDNA and LCNG data matrices. Table  S6 : estimates of relative contributions of the environmental variables to the Maxent model.
